The advanced version of the author's inversion concept of the origin of terrestrial life and its application for life in the Universe has been substantiated. A key step in the transition to life consists in the thermodynamic inversion of non-living prebiotic microsystems when the contributions of free energy (F) and information (I) become prevalent over the contribution of entropy (S). It is based the thermodynamic corridor that is mandatory for all chemical scenarios for the origin of life: 
Introduction
The discovery of extrasolar planets in 1995 opened the way for a search of habitable worlds beyond Earth. Thousands of discovered exoplanets gave us great opportunities for this direction of research. Being the only known example of life in the Universe, the Earth is considered the natural "model" of a habitable world that could guide the search others. A lot of interdisciplinary and special data that have been obtained in the course of our planetary exploration represents a good basis for this study.
One of the most intriguing questions that refers to habitable worlds is their rise, i.e., the emergence of the simplest living units on planets or satellites. The current knowledge of physics, chemistry, geology and biology, which are relevant to the origin of life on Earth, can be expanded and interpreted in the context of the general scenario of the origin of life in the Universe. A part of this knowledge is related to distinguishing the main conditions that are required for the transformation of prebiotic chemical systems into primary life forms. How can these conditions be substantiated and how universal they are? The aim of this article is to consider recent achievements in this area and advance the author's inversion concept of the origin of life, including the substantiation of its experimental verification.
Summarizing, it can be concluded that the listed three required conditions are insufficient to convert any kind of non-living prebiotic microsystems into a primary form of life. To understand the way of such transition clearer, it is necessary to define a principal distinction between living systems and non-living ones (including prebiotic models). The relevant comparison between them has been made into the framework of the inversion concept of the origin of life [12] [13] [14] .
Thermodynamic Corridor for Chemical Scenarios of the Origin of Life
A core of the inversion concept, along with the consequent fourth required condition for the emergence of life, is given below. Its starting point is the comparison of living and the main types of non-living systems based on the universal thermodynamic criteria. The following three notions were used in this study:
•
Free energy: a measure of high-energy value (a part of inner energy that can be converted into any kind of work).
• Information: its entering reduces uncertainty in a system's state.
• Entropy: a measure of both the low-energy value and a measure of disorganization A key thermodynamic balance in natural systems that characterizes both non-living and living ones is the "contribution of free energy (F) and information (I)/contribution of entropy (S)", shortly, F + I/S. The main types of active non-biological systems (stars, geologically active planets, magmatic and hydrothermal systems) dissipate free energy outside, while biological systems, on the contrary, extract free energy (as well as information) from the environment and concentrate it. So, the balance F + I/S is negative in non-living systems and positive in living ones (in organisms and the whole biosphere). This balance cannot be quantitatively estimated because free energy and information are measured in different units. However, the prevalence of the contributions (either free energy with information, or entropy) can be evaluated basing on the thermodynamic trend of natural systems' evolution. Thus, the obvious mega-evolution of the biosphere consists of the continuous rise of free energy and (bio)information surplus. This trend indicates their actual prevalence over the contribution of entropy, whose values become negative. Another interpretation of the biosphere thermodynamic mega-evolution would mean the disturbance of the 2nd law of thermodynamics. However, the existence of biological systems is in congruence with the 2nd law. The entropy in them increases too, but the contributions of free energy and (bio)information rise faster due to the specific method of biological organization.
Following the carried out comparison, the rise of primary communities of microorganisms on any planet means the appearance of natural systems characterizing with the negentropy (negative entropy) method of organization, i.e., the biological one. From the thermodynamic point of view, their existence and evolution are maintained by the excessive over-entropy free energy and (bio)information that cannot be suppressed by entropy [13] [14] [15] . Correspondingly, the transition of prebiotic organic assembles (a kind of non-biological (micro)system) into the simplest forms of life may occur only through thermodynamic inversion, i.e., the radical turn of the balance "contribution of free energy and information/contribution of entropy". The inversion can be expressed as follows: F + I < S (prebiotic microsystem) → F + I ≈ S (its intermediate state, inversion moment) → F + I > S (primary living unit).
In fact, this transition represents the thermodynamic corridor for the chemical scenarios of the origin of life. The corridor is fair for life origin everywhere, because the used notions-entropy, free energy and information-are fundamental attributes of the Universe. Due to this reason, any chemical scenario of the origin of life, including the type of the prebiotic model and kinetic description of the chemical reactions, must be corresponded with limitations of the thermodynamic corridor. On the way to life, a prebiotic microsystem must overcome the negentropy barrier that exists between the living and non-living natural systems (as well as between the chemical and biological evolution) (Figure 1 ). The existence of the barrier follows the 2nd law of thermodynamics, which postulates an increase of entropy in non-living natural systems. That means that entropy rises in them due to the general tendency of decrease of various energy gradients. Overcoming the barrier is possible only by means of strong periodic impulses of free energy (and information), which temporarily prevails over the rise of entropy. Such impulses can be generated by high-amplitude oscillations of physic-chemical parameters (both regular and irregular) in the maternal medium. The negentropy barrier cannot be overcome through the gradual complication of organic microsystems in an environment with stable conditions; this case would disturb the 2nd law of thermodynamics. In particular, a huge rise of energy flux into a prebiotic system under rather stable conditions would lead to a huge dissipation of free energy outside, but not to its conversion into a living unit [14] .
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1.
A lipid membrane that can prevent the microsystem from substantially dissipating free energy; 2.
proteinoid inclusions in the membrane that could be transformed into pumps, allowing the microsystem to actively regulate exchange with the environment; 3.
the combination of polynucleotide and polyamino acid chains, which can be involved into the initial circulation of bioinformation.
However, the suitability of other prebiotic chemical models for the inversion event can be examined too. They should correspond with the four required conditions for the origin of life (at least for life as we know it). In particular, all chemical scenarios (including laboratory experiments and kinetic models) must follow the thermodynamic corridor for the origin of life.
The main condition for the self-assembly of microsystems consists of a rather high concentration of organic molecules in a solution, in case other physic-chemical parameters are appropriate. A suitable mechanism of organics concentration in the local parts of hydrothermal systems is proposed in the author's book ( [14] , Chapter 7). The mechanism is related to the pulsating migration of fluid to the surface when organic molecules periodically accumulate due to the closing of the cracks. In particular, this means a huge number of simultaneously assembling and interacting microsystems that form a heterogeneous cluster.
The Next Step of Laboratory Simulations on the Origin of Life Based on the Four Conditions
By now a general goal of the experiments in prebiotic chemistry consists in the exploration of various pathways of chemical evolution based on different starting organic components or models. The addition of the multilevel oscillations into a set of required conditions for the origin of life demands a change in the experimental direction. A key idea in this way is that self-maintained life processes were launched through continuous responses of prebiotic microsystems to incessant physic-chemical oscillations in the outside world. This corresponds with the Le Chatelier principle and the data on chemical reactions induced in response to very short pulses of energy: no substantial multi-oscillations in an aqueous medium (for instance, in the calm ocean), no incessant recombination within containing organic microsystems and no perspective for their transformation into living units.
By now almost all experiments on prebiotic chemistry have been carried out under stable conditions. However, some rare simulations were conducted under simple oscillating environments [25] [26] [27] [28] . Although a response of organic molecules/microsystems to external influences were not explored during these experiments, they have helped demonstrate the importance of oscillating conditions for the advancement of prebiotic evolution. Their general results consist of the increased yield of polycondensation products, in comparison to the simulations under stable (non-oscillating) conditions. For instance, the synthesis and oligomerization of glycine take place in rather stable hydrothermal conditions, but the synthesized molecules display the tendency to decompose [29] . However, under oscillations of temperature, these molecules can be reorganized into increasingly complex structures. Some laboratory experiments have demonstrated advancements of prebiotic chemical evolution under fluctuations of temperature. For instance, the amplification of DNA under temperature oscillations between 64 • C and 92 • C accelerated the division of giant vesicles [27] . Oscillations of wet-dry conditions (the model of a periodically evaporating and filling hydrothermal pond) promoted the synthesis of RNA-like molecules from mononucleotides [28] . The regime of thermocycling around the water boiling point strengthens the condensation of amino acids into peptides [26] . Moreover, the computational modeling of thermal cycling also demonstrates the acceleration of the pace of chemical prebiotic evolution [30] .
Substantiation of the required thermodynamic corridor for all chemical scenarios for the origin of life offers the next step of laboratory simulations in this field. The proposed experiments would give us a chance to check the theoretically elaborated inversion concept. A goal of such modified laboratory experiments would consist of the exploration of the intermediate state between non-life and life in various prebiotic models (microsystems) that are of highly fluctuating environments. The appearance of the response to external changes and its development within the organic matrix can be verified. The intermediate area between organic chemistry and primary biochemistry (i.e., "transitional" chemistry) is very vast. For instance, it is possible to detect the strengthening of active transport which is responsible for molecules/atoms transferring against the energy (concentration) gradients. The rise of homochirality degree during the proposed experiments could also indicate the initial sparks of biochemical processes. One more criterion follows of the experiments by Fox and co-authors [8, 31] : although abiotically synthesized proteinoid chains are similar to biological protein ones, they cannot be arranged into tertiary structures; the appearance of the last ones could also be traced in the course of the modified experiments. It is expected that the continuous self-assembly of prebiotic microsystems under oscillating conditions (close to the critical point: assembly and re-assembly) facilitates the incessant recombination of (macro)molecules. It would be exceptionally interesting to explore the oscillating interaction of prebiotic microsystems within the clusters.
A general scheme of the suggesting laboratory simulations is given in Figure 4 . They involve two constituents: various kinds of prebiotic models (left, green) and varying tracks of physic-chemical oscillations in the experimental chamber (right, blue). The shown examples of the tracks represent real fragments of pressure oscillations measured in the Mutnovsky hydrothermal system in Kamchatka [19, 20] . It is supposed that the long "pumping" of the models by external oscillations generate a continuous response in them, including induced chemical reactions (red) directed to compensation for the external stress. The "pumping" tracks can be different in duration, the regime of oscillations (amplitudes, periods/frequencies, etc.) and the oscillating parameters (pressure, temperature, electric potential, pH, Eh, etc.). The first step in this experimental method would be finding the most promising combination of prebiotic models (1) and characteristic tracks of oscillations (2) tracks represent real fragments of pressure oscillations measured in the Mutnovsky hydrothermal system in Kamchatka [19, 20] . It is supposed that the long "pumping" of the models by external oscillations generate a continuous response in them, including induced chemical reactions (red) directed to compensation for the external stress. The "pumping" tracks can be different in duration, the regime of oscillations (amplitudes, periods/frequencies, etc.) and the oscillating parameters (pressure, temperature, electric potential, pH, Eh, etc.). The first step in this experimental method would be finding the most promising combination of prebiotic models (1) and characteristic tracks of oscillations (2) According to the preliminary evaluation, the regular constituent of the oscillations should be within the interval between >10 -10 second and <30 minutes. On the one hand, the exploration of extremely fast chemical reactions demonstrates the return of the chemical system to an equilibrium state after the temperature impacts for a period of around 10 -10 sec. However, this period should be much longer in natural fluctuating hydrothermal environments because many physic-chemical parameters oscillate and influence each other. On the other hand, the lifetime (from initial division to final one) of the oldest thermophilic microorganisms can be as short as 30 minutes. Obviously, periods of the external oscillations which stimulated the (bio)chemical processes within initial living units on the early Earth should be much shorter in terms of their entire lifetime. Summarizing, just the high-frequency diapason of physic-chemical oscillations is optimal for laboratory simulations on prebiotic chemistry aimed at achieving the intermediate stage between non-life and life. Such a According to the preliminary evaluation, the regular constituent of the oscillations should be within the interval between >10 −10 s and <30 min. On the one hand, the exploration of extremely fast chemical reactions demonstrates the return of the chemical system to an equilibrium state after the temperature impacts for a period of around 10 −10 s. However, this period should be much longer in natural fluctuating hydrothermal environments because many physic-chemical parameters oscillate and influence each other. On the other hand, the lifetime (from initial division to final one) of the oldest thermophilic microorganisms can be as short as 30 min. Obviously, periods of the external oscillations which stimulated the (bio)chemical processes within initial living units on the early Earth should be much shorter in terms of their entire lifetime. Summarizing, just the high-frequency diapason of physic-chemical oscillations is optimal for laboratory simulations on prebiotic chemistry aimed at achieving the intermediate stage between non-life and life. Such a modeling environment has still not been created during the experiments on the origin of life.
Conclusions: Fragments of the General Scenario of Habitable Planets Arising in the Universe
This paper represents an advanced version of the inversion concept. Its new points can be narrowed down to the following items.
1. The interrelation between thermodynamics and chemistry with respect to life origin has been clearly substantiated. Thermodynamics determines the general corridor that could lead to the conversion of non-living organic microsystems into primary life forms. Various chemical scenarios of conversion (the both theoretical and experimental) must follow within the corridor's limitations in order to reach the intermediate state between non-life and life. First of all, the thermodynamic limitations concern the necessity of optimal high-frequency oscillations of physic-chemical parameters in the maternal medium.
2. An experimental way to verify the theoretical notions of the inversion concept is offered. The experiments are considered as the next step of laboratory simulations on the origin of life that should be conducted under high-frequency oscillations. A general diapason of their periods is defined between >10 −10 s and <30 min.
3. The universality of thermodynamic and chemical regularities for life origin in the Universe is considered. The positive balance "contribution of free energy and information > contribution of entropy" (thermodynamic criterion) is the most universal statement and should be peculiar to life everywhere because entropy, free energy and information are attributes of the whole Universe. We cannot imagine the mega-evolution of a biosphere on any planet without the continuous accumulation and concentration of free energy and information that is possible only through their persistent prevalence over entropy. The chemical properties of the terrestrial life may not be precisely peculiar to life on other planets. It is supposed that some specific (geo)biochemical pathways of alien life can be different because the exploration of the solar planets and satellites demonstrates their significant difference in terms of geochemical composition.
The author offers that the four considered conditions should be included into the general scenario of the origin of life in the Universe because all of them seem to be required (at least for life as we know it). The 4th condition implies the availability of multilevel physic-chemical oscillations in an aqueous high-temperature medium that demands intensive volcanic-tectonic processes for life to appear. Therefore, a habitable world can arise only on geologically active planets or satellites (with a surface temperature below 100 • C). Such a planet should be inevitably characterized with the vertical migration of fluid within the crust, forming hydrothermal systems similar to those in the Earth's crust. The genesis of organic compounds involved in hydrothermal circulation can be different (hydrothermal, volcanic, atmospheric, or extraterrestrial). However, the major factor of the origin of life is the method of their arrangement into primary living units under high-frequency oscillations. The substantiated set of the four required conditions was present on early Mars about 3-4 billion years ago. Besides, it might take place at some satellites in the Solar system, where geysers (Enceladus) and signs of submarine vents beneath ice crusts (Europa) have been detected.
Thermodynamic inversion itself designates only the formation of a kind of natural systems in which free energy and information rise faster than entropy (i.e., biological ones). It does not directly concern the chemical composition of living systems. Therefore, at the present level of our knowledge, we cannot exclude the possible existence of another version of natural systems that also possesses the ability to concentrate over-entropy free energy and information, on the one hand, and a discrepancy from terrestrial life, on the other hand (possible life as we do not know). Such a version should be related to organic matter and water too, but can be organized in a different way. If such life exists, it should probably be simpler than terrestrial life. One of the possible locations for the search of such a theoretically admissible version of life is in the Saturn's satellite Titan.
